The ectodomain of the paramyxovirus haemagglutinin-neuraminidase (HN) glycoprotein spike can be divided into two regions : a membraneproximal, stalk-like structure and a terminal globular domain. The latter contains all the antibody recognition sites of the protein, as well as its receptor recognition and neuraminidase (NA) active sites. These two activities of the protein can be separated by monoclonal antibody functional inhibition studies and mutations in the globular domain. Herein, we show that mutation of several conserved residues in the stalk of the Newcastle disease virus HN protein markedly decrease its NA activity without a significant effect on receptor recognition. Thus, mutations in the stalk, distant from the NA active site in the globular domain, can also separate attachment and NA. These results add to an increasing body of evidence that the NA activity of this protein is dependent on an intact stalk structure.
. The ectodomain consists of a membrane-proximal, stalk-like segment supporting a terminal globular domain (Thompson et al., 1988) . The antigenic, receptor recognition and NA active sites all reside in the latter. Colman et al. (1993) proposed that the structure of the globular head of HN is similar to the β-sheet propeller structure of the influenza virus NA (Varghese et al., 1983) , based on conservation of the functional residues in the influenza virus protein in the globular domains of all the HN proteins. This analysis was refined to provide a more detailed prediction of the structure of the HN globular domain (Langedijk et al., 1997) . The model is consistent with a detailed epitope map of NDV HN (Iorio et al., 1991 (Iorio et al., , 1992 .
A panel of NDV-hPIV3 HN chimeras was constructed to localize the domain in HN responsible for its F protein fusion specificity (Deng et al., 1995) . All retained wild-type (wt) receptor binding activity. However one chimera, CH1, had less than 10 % of wt NA activity (Deng et al., 1997) . Though its entire globular domain is derived from NDV HN, its N terminus, including the tail, transmembrane and most of the stalk, is derived from hPIV3 HN. In a subsequent nested set of chimeras, the N-terminal, hPIV3-derived segment was decreased and the C-terminal, NDV-derived segment extended (Deng et al., 1997) . As the NDV-derived segment encompassed more of the stalk, NA activity increased to near wt levels. This suggested that the structure of the NDV HN stalk may selectively affect its NA, but not its attachment, activity.
Comparison of the sequences of several paramyxovirus HNs reveals less conservation in the stalk than in the globular domain (Morrison & Portner, 1991) . However, there is a short stretch of almost 20 residues (93-110 in NDV HN) that is conserved among the paramyxoviruses (Fig. 1) Conserved residues in the domain are in the boxes. The substitutions introduced for these residues in the NDV HN protein are indicated by the arrows above the sequence. The sequences are as follows : NDV (McGinnes et al., 1987) ; hPIV3 (Elango et al., 1986) ; mumps virus ; simian virus 5 (Hiebert et al., 1985) ; and Sendai virus (Blumberg et al., 1985) . Fig. 2 . Cell surface expression and HAd and NA activities of NDV HN stalk mutants. The amount of each mutated protein at the cell surface was determined by FACS analysis using a mixture of MAbs specific for the NDV HN protein. The abilities of the mutated proteins at the cell surface to adsorb guinea-pig erythrocytes and to catalyse the release of sialic acid from neuraminlactose were determined. Background obtained with vector alone was subtracted and the HAd and NA data were corrected for differences in transfection efficiency and expression. All data are expressed relative to the amount of wt protein.
structure is similar to heptad repeats in the F protein, implicated in its fusion-promoting activity (Buckland & Wild, 1989 ; Chambers et al., 1990) .
The conserved region in the HN stalk has also been implicated in fusion. Deletion of residues 91-99 in the NDV HN protein abolishes fusion, despite near-wt haemadsorption (HAd) activity, raising the possibility that the region may be involved in F protein specificity (Sergel et al., 1993) .
However, the effect of this deletion on NA activity was not reported. To address this point, a total of seven individual amino acid substitutions were introduced for the six conserved residues between 93 and 110 in the stalk of NDV HN, using site-directed mutagenesis (Fig. 1) . Each of the residues, P*$, L*%, L*', I"!$, I"!( and L""!, was changed to alanine. These substitutions should disrupt the leucine-zipper motif defined by residues 96-103-110. An additional substitution of leucine was introduced for P*$, thus replacing a helix-disrupting residue with a helix-extending one.
The construction of the NDV (Australia-Victoria isolate) pBluescript SK(j) (Stratagene) HN expression vector has been described previously (Mirza et al., 1994 ; Deng et al., 1995) . Site-directed mutagenesis was performed as described previously (Deng et al., 1994) , using mismatched oligonucleotide primers (Bio-Synthesis Inc.). The presence of the desired mutation was verified by sequencing of double-stranded DNA, using the Sequenase plasmid sequencing kit (United States Biochemical). Multiple independent clones were sequenced and characterized for each mutation.
Wt and mutated HN proteins were expressed in BHK-21 cells using the T7 RNA polymerase expression system (Fuerst et al., 1986) . Maintenance of cells, infection with vaccinia virus and transfection were performed as described by Deng et al. (1995) , using 1 µg of plasmid per 35 mm well.
Cell surface expression was quantified by FACS analysis (Fig. 2) , using a mixture of monoclonal antibodies (MAbs) specific for at least five different sites on HN (Iorio et al., 1989 (Iorio et al., a, 1991 . With the exception of P*$L, each of the mutated proteins is expressed in wt amounts. Since the MAbs used for FACS are conformation-specific, this confirms that all of the proteins are efficiently expressed and that none is grossly misfolded (Doms et al., 1993) . P*$L-mutated HN is transported to the surface only about one-half as efficiently as wt HN, suggesting that this mutation may affect HN folding and\or transport.
The effect of the mutations on receptor recognition function was determined by evaluation of the ability of the expressed proteins to adsorb guinea-pig erythrocytes (Crane Laboratories). Duplicate HN-expressing monolayers were incubated for 20 min in the cold with a 2 % suspension of erythrocytes in PBS, supplemented with 1 % CaCl # and MgCl # . After washing, adsorbed erythrocytes were lysed in 50 mM NH % Cl. The lysate was clarified by centrifugation and HAd quantified by determination of the A &%! . Fig. 2 shows that all the mutated proteins retain significant HAd activity (the lowest still being nearly three-quarters that HFA of the wt protein), indicating that mutations in this region do not significantly affect its ability to mediate attachment. Thus, each of the mutated proteins is at the cell surface in a form that (1) is recognized by a panel of conformation-specific MAbs, and (2) retains receptor recognition activity.
The NA activity of the wt and mutated HN proteins at the cell surface was determined by incubation of monolayers for 30 min at 37 mC with 625 µg neuraminlactose (Sigma) in 0n5 ml 0n1 M sodium acetate, pH 6 (Mirza et al., 1994) . Fig. 2 shows that most of the mutations severely impair the ability of HN to catalyse the release of sialic acid from the substrate. The P*$L substitution reduced NA activity to only 0n05 relative to that of wt HN. Also, mutations in two of the residues in the ' a' positions of the leucine zipper, I"!$A and L""!A, reduce NA activity to only about 0n15 and 0n25 relative to wt HN, respectively. Similarly, the P*$A and I"!(A mutations also reduce NA activity by more than one-half. This means that mutations of conserved residues in the stalk region of the NDV HN protein can selectively impair its NA, but not HAd, activity. Of the mutations tested, only L*%A and L*'A were unaffected in NA activity.
Antigenic site 23 on NDV HN has been implicated in NA activity. By analysis of naturally occurring antigenic variants and site-directed mutants, this site has been mapped to a domain defined by residues 193-203 (Iorio et al., 1989 b) . Mutations in this region have been shown to affect both NA activity and the strength of interaction with receptors of HN (Iorio et al., 1989 b ; Iorio & Glickman, 1992) . Also, the wt virus (NDV strain Australia-Victoria) exhibits cooperative NA activity, i.e. binding of substrate in the NA active site of one monomer induces the sites on the other monomers in the same tetramer to also bind substrate. A variant virus selected with an MAb to site 23 has lost this cooperativity (Mahon et al., 1995) . Perhaps most significantly, antibodies to site 23 are unique among those in the anti-HN panel in that their binding is blocked by a small molecular mass, competitive inhibitor of NA activity (Iorio et al., 1989 b) . The latter finding especially suggests that the NA active site and antigenic site 23 are in close proximity.
We have performed FACS analyses of the NDV HN stalk mutants, using a single site 23 MAb called 23 f . Each of the mutated proteins is recognized by this MAb as efficiently as the wt protein (data not shown). Thus, the epitope recognized by this antibody is maintained in the mutated proteins. The proximity of the epitope to the NA active site suggests that the domain surrounding the active site may be antigenically intact.
Although the crystal structure of the paramyxovirus HN protein has not been solved, several lines of evidence indicate that the attachment and NA active sites both reside in its globular domain. First, proteolytically released globular heads of Sendai virus and hPIV1 HN retain both wt activities (Thompson et al., 1988 ; Takimoto et al., 1992) . Second, the altered NA activities of variant and site-directed mutant proteins are all attributable to globular domain substitutions (Thompson & Portner, 1987 ; Iorio et al., 1989 b ; Mirza et al., 1994 ; Huberman et al., 1995) . Third, most of the conserved active site functional residues in the influenza virus NA globular domain are also conserved in the globular domain of HN (Colman et al., 1993 ; Langedijk et al., 1997) . Even the activity of the influenza virus NA protein is resistant to changes in the length of its stalk segment (Castrucci & Kawaoka, 1993) , though an 11 amino acid deletion does result in a slower rate of elution and cleavage of some substrates (Els et al., 1985) .
Though its NA active site also clearly resides in the globular domain, NDV HN NA activity seems to be uniquely sensitive to changes in the stalk of the protein. Whereas soluble forms of Sendai virus and hPIV3 HN, missing the domain targeted in this study, retain NA, the corresponding soluble form of NDV HN exhibits only 20 % of wt NA activity at neutral pH (Mirza et al., 1993) . As discussed above, NDVhPIV3 HN chimeras, in which part of the stalk region is derived from the hPIV3 HN protein, have markedly reduced NA activity (Deng et al., 1997) . In fact, the same has now been shown for chimeras in which only residues 75-90 or 68-82 in the NDV HN stalk are replaced with the corresponding hPIV3 residues (data not shown). This sensitivity of the NDV NA activity to changes in the stalk of the protein may be related to the fact that it is, thus far, the only NA protein shown to exhibit cooperative NA activity (Mahon et al., 1995) . The relationship between the two can be tested. However, the NA activity of NDV HN transiently expressed at the cell surface is not cooperative, suggesting that the phenomenon is dependent on an interaction between HN and another membrane protein.
In summary, we have shown that point mutations in a conserved domain in the stalk of the NDV HN protein can drastically diminish its NA activity with no discernible effect on receptor recognition. Our results suggest that an intact leucine zipper in the stalk of HN is critical for NA activity in the globular domain. At present, we cannot distinguish whether residues P*$ and L*%, N-terminal to the zipper, affect NA directly or indirectly, by altering the structure of the zipper. This finding is also consistent with most evidence from MAb functional inhibition studies, the characterization of antigenic variants and site-directed mutations indicating that the two sites are distinct (summarized in Morrison & Portner, 1991) .
